• Alternative donor HCT can be performed in patients with FA without using radiation.
Introduction
Fanconi anemia (FA) is an inherited bone marrow failure syndrome characterized by congenital anomalies, progressive marrow failure, and predisposition to myelodysplastic syndrome (MDS), acute myeloid leukemia (AML), and solid tumors, specifically squamous cell carcinoma of head and neck and genital region. 1 Mutations in at least 20 genes in pathways involved in DNA damage sensing and repair have been described in association with a Fanconi phenotype. [2] [3] [4] [5] Impaired DNA repair leads to clinically significant chemotherapy and radiation sensitivity, making delivery of the preparative regimen for allogeneic hematopoietic cell transplantation (HCT), the only curative option for the hematologic complications of patients with FA, challenging. [6] [7] [8] Initial efforts at HCT for FA in the late 1970s and early 1980s demonstrated excessive toxicity and high mortality rates. 9 Subsequently, further understanding of the biology of the disease and incremental improvements in preparative regimens for HCT for FA have improved overall outcomes significantly. Specifically the addition of antithymocite globulin (ATG) and T-cell depletion of donor grafts have decreased rates of graft-versus-host disease (GVHD) and the addition of the immunosuppressive agent fludarabine (FLU) has decreased graft rejection, a major obstacle to successful HCT for FA. [10] [11] [12] Five-year survival after a matched sibling transplant is now ;90%. Similarly, more recent results for unrelated donor transplant show continued improvements in the 5-year survival rates. 11, [13] [14] [15] Improved outcomes led to the elimination of total body irradiation (TBI) from the preparative regimen for FA HCT using fully matched sibling donors in the past decade. [16] [17] [18] [19] With improved HCT outcomes, more patients with FA have survived to adulthood, [20] [21] [22] and long-term side effects of HCT, including the increased risk of secondary cancers have become critical considerations for long-term care.
Patients with FA have significantly increased cancer susceptibility because of defective DNA repair, which is a major phenotype of the disease. The risk of head and neck squamous cell carcinoma is .500-fold higher among individuals with FA compared with the general population. 1, 23 Head and neck squamous cell carcinoma occurs at strikingly early ages and, in general, treatment is difficult and survival poor. 24 Epidemiologic data suggest that both radiation exposure and the occurrence of chronic GVHD may increase the risk of subsequent solid tumors. 25 T-cell depletion of the graft has successfully reduced the occurrence of chronic GVHD. Elimination of radiation exposure is therefore a logical next step in reduction of late complications of HCT for FA. In this paper, we report results from the first prospective, multiinstitutional US study of alternative donor HCT for FA without use of radiation.
Patients and methods

Study design
We report a prospective, single-arm, phase 2 multicenter study. The 5 participating US centers were Cincinnati Children's Hospital Medical Center, Boston Children's Hospital, Fred Hutchinson Cancer Research Center/Seattle Children Hospital, Children's Hospital of Wisconsin, and Memorial SloanKettering Cancer Center (MSKCC), enrolling 29, 3, 2, 1, and 10 patients respectively. A description of the study protocol is available online (clinicaltrials.gov #NCT01082133). The individual Institutional Review Board of each of the participating centers approved the study. A Food and Drug Administration Investigational New Device was filed and approved at each of the participating centers for use of CD34 selection and T-cell depletion of the graft using the CliniMacs CD34 columns (Miltenyi). MSKCC, the trial-leading institution, served as the central data reporting center. FA patients of all ages were eligible. Patients or parents/legal guardians of all minor patients gave written informed consent for participating in the study, and patients provided assent where age appropriate.
Patients
Patients with FA and progressive marrow failure (pancytopenia or single-lineage cytopenia that were red cell-or platelet transfusion-dependent or unresponsive to granulocyte colony-stimulating factor), or MDS or AML for whom an allogeneic HCT was indicated but who lacked an HLA-genotypically matched related donor, were eligible. MDS was defined using World Health Organization (WHO) System. 26 Patients with refractory cytopenia with excess blasts -1 (RAEB1) and higher (WHO classification) were considered to have high-grade MDS. Others were classified as low-grade MDS.
The exclusion criteria on this protocol include patients with active central nervous system leukemic involvement; active uncontrolled viral, bacterial, or fungal infection at the time of enrollment; and patients who are seropositive for HIV-I/II; HTLV-I/II. All patients were hospitalized in single rooms with highefficiency particulate air filtration with positive pressure and strict isolation until discharge. Institutional standard of care guidelines were followed for transplantrelated supportive care, including provision of antiviral, Pneumocystis jiroveci pneumonia and antifungal prophylaxis. Cytomegalovirus (CMV)-safe and irradiated blood products were used for all patients. Patients were monitored for viral reactivation (for CMV, Epstein-Barr virus [EBV] , and adenovirus) weekly or twice per week (depending on institutional standards) until at least day 100 after transplant. CMV reactivation was treated with ganciclovir or foscarnet depending on time of reactivation post-HCT.
Stem cells were collected from either HLA-compatible (8/8 or 7/8 allelematched) unrelated donors or HLA-mismatched related donors (7/8 to 4/8 allelematched). Donor peripheral blood stem cells were processed to obtain a CD34 
Preparative regimen
All patients received the preparative regimen shown in Figure 1 . Patients received the first dose of busulfan IV on day 28 and blood levels for pharmacokinetics (PK) of busulfan were obtained around this dose. Once the PK results returned on day -7, the next 3 doses of busulfan were administered IV every 12 hours. A steady-state concentration (Css) target of #450 ng/mL was established for busulfan to limit toxicity. There was no contingency to increase busulfan dose based on PK results. After one of the early patients developed sinusoidal obstruction syndrome (SOS), the busulfan PK goal was lowered to a Css of #350 ng/mL, which was followed throughout the rest of the study. There were no further cases of SOS. A dose de-escalation of busulfan was built into the study. The first cohort of 25 patients received an initial busulfan dose at 0.8 or 1 mg/kg per dose (dose/kg of 0.8 or 1 mg selected based on patient age and weight as previously reported [27] [28] [29] ), whereas for the next 20 patients, the initial busulfan dose was reduced to 0.6 or 0.8 mg/kg per dose. In both groups, the subsequent 3 doses of busulfan were reduced (if needed), based on PK results. On days -5 through 22, FLU 35 mg/m 2 per dose IV, cyclophosphamide (CY) 10 mg/kg per dose IV and thymoglobulin (rabbit ATG) 2.5 mg/kg per dose IV were administered. A CD34
1 selected T-cell-depleted peripheral blood stem cell graft was infused on day 0. Immunosuppression for GVHD prophylaxis consisted of cyclosporine started on day -2 and continued through day 190, then weaned over 10 weeks. Filgrastim was administered from day 11 and continued until absolute neutrophil count of . 2310 9 /L for 3 days.
Outcomes
Regimen-related toxicities were graded according to the WHO Toxicity Grading Scale (v3.0 and v4.0). Neutrophil engraftment was defined as the first of 3 consecutive days with an absolute neutrophil count $0.5 3 10 9 /L and platelet recovery as $20 3 10 9 /L without transfusion for 1 week. Engraftment studies were performed weekly until day 100 on peripheral blood using XY fluorescence in situ hybridization in the case of opposite-sex donors or short tandem repeat analysis in the case of same sex donors. Patients were considered to have full chimerism if $95% of cells were of donor origin in peripheral blood without evidence of relapse. Overall survival (OS) was defined as time from date of transplant to event (death from any cause) or last follow-up. Disease-free survival was defined as time from date of transplant to relapse, graft rejection or graft failure, or death. Relapse of MDS was defined as disease recurrence supported by cytogenetic and/or molecular analyses. Acute GVHD was graded according to the modified Glucksberg system. 30 Chronic GVHD was graded according to the National Institutes of Health Consensus Conference. 31 
Statistical analyses
Categorical and continuous data are summarized by median (range) and frequency, respectively. Patient characteristics and complications were compared among groups using Fisher's exact test for categorical variables or Wilcoxon's rank-sum test for continuous variables. Disease-free survival was defined as time from date of transplant to relapse, graft rejection or graft failure, or death. Survival and cumulative incidence curves were plotted using the KaplanMeier method. 32 Survival was compared for the entire study duration by group using log-rank tests. Confidence intervals and P values for the difference in 1-year survival by group were computed using Wald's method with Greenwoods variance approximation. Acute GVHD and recovery of CD4 were compared by group using Gray's competing risk analysis. 33 In each case, time of death and relapse were treated as competing risks. All tests were 2-sided and statistical significance was assessed at the 0.05 level. All calculations were carried out in R version 3.2.4 (Vienna, Austria).
Results
Forty-five patients were prospectively enrolled between June 2009 and May 2014. Median age was 8.2 years (range 4.3-44). Patient demographics, disease characteristics, and donor sources are described in Table 1 . Indications for transplant included severe marrow failure (N 5 34) or MDS (N 5 11). Seven patients had low-grade and 4 patients had high-grade MDS. Three of 26 patients ,10 years of age (11.5%) were transplanted for MDS compared with 5 of 14 (35.7%) in BLOOD, 20 APRIL 2017 x VOLUME 129, NUMBER 16 TRANSPLANT FOR FANCONI ANEMIA WITHOUT RADIATION 2309 patients 10 to 18 years group and 3 of 5 (60%) in the .18 years group. None of the patients had AML, and none of the patients with MDS (including high-grade MDS) received chemotherapy before transplant. One or more clonal abnormalities present in the patients with MDS included trisomy 1q25 (n 5 3), trisomy or 4 copies of 3q27 (n 5 4), del7q31 (n 5 3), monosomy 7 (n 5 1), and deletion 20q (n 5 1). Thirty-two (71%) patients had received prior red cell and 39 (86%) had prior platelet transfusions. Eighteen patients (40%) had received androgens before transplant. Twenty-six patients were seropositive for CMV before transplant. Pre-HCT comorbidities identified in children with FA (,18 years) in this cohort included maple syrup urine disease, history of patent ductus arteriosus, urinary tract infections, borderline renal dysfunction, hypertension and history of transfusions, and use of androgens in the past.
Five adult patients were transplanted at a median age of 30.1 years (range 22.4-44). Transplant indication was progressive marrow failure in 2 and MDS in 3 of these patients. Adult patients had increased comorbidities, which included but were not limited to asthma, history of transfusions and use of androgens in the past, West Nile virus infection, glucose intolerance, hyperlipidemia, dysplastic nevus syndrome, CMV infection, basal cell carcinoma, bronchitis, squamous cell carcinoma of the uterus requiring hysterectomy, pneumonia, and, in one patient, history of transfusions for 10 years.
All patients received an adequate stem cell dose while limiting CD3 1 cell dose per protocol (Table 1 ). There were no significant demographic differences between the 2 busulfan dosing groups. /L in those that achieved engraftment was 9 days (range 7-15) from stem cell infusion. One adult patient with MDS had progressive disease and did not achieve primary neutrophil recovery. Median time to platelet recovery was 16 days (range 11-230). Time to neutrophil or platelet recovery was not different in the 2 busulfan dose groups (data not shown). Immunologic graft rejection followed by secondary graft failure (day 136) occurred in a single patient in the first cohort. This patient subsequently achieved neutrophil engraftment after a second transplant using a different donor and a preparative regimen containing fludarabine and ATG. Mixed chimerism was seen in 6 patients (3 in each busulfan dosing group) and was successfully reversed with increased immune suppression (n 5 5) or donor lymphocyte infusion (n 5 1).
Busulfan pharmacokinetics and regimen-related toxicity
Busulfan PK after the first dose led to reduction in subsequent doses to achieve target Css in 10 patients in the standard-dose cohort, with a mean dose reduction of 17.4%. In contrast, only 4 children in the lowerdose cohort had a dose reduction (P 5 .02). In the lower-dose busulfan group, mean busulfan dose reduction of 19.3% was required to keep the Css ,350 ng/mL.
Regimen-related toxicities
Regimen-related toxicities were graded according to the WHO Toxicity Grading Scale (v3.0 and v4.0). All grade 3-5 severe adverse events (unexpected, definite, probable, and possibly related) were reported to the data coordinating center. Regimen related toxicities are shown in Table 2 . Mucositis, hyperbilirubinemia, and hypertension were less common in the lower busulfan group. Viral reactivation represented the major infectious complication and included adenovirus, BK, cytomegalovirus, and Epstein-Barr virus reactivation/infections, along with others (Table 2) .
GVHD
The cumulative incidence of acute GVHD was 6.7% at 100 days ( Figure 2) . None of the patients developed grade 3-4 acute GVHD. Three patients developed limited chronic GVHD and none developed extensive chronic GVHD. None of the adult patients developed GVHD. All patients with GVHD had a complete response to treatment and no deaths were attributed to GVHD.
Immune recovery
Median time to CD4 count recovery to .200 3 10 9 /L was 6.6 months (range 2.6-13) (n 5 31 with available data). Median time to normal T-cell function (phytohemagglutinin proliferation) was 7.5 months (range 3.7-25.5) (n 5 25). No differences in immune recovery were seen in the 2 busulfan dosing cohorts (data not shown). Cumulative incidence of recovery to CD4 .200 3 10 9 /L was earlier in those who received CD34 cell dose .13 3 10 6 /kg (median CD34 cell dose) compared with those whose cell dose was lower than median CD34 cell dose (P 5 .02).
Survival
Median follow-up for the entire cohort was 41 months (range 17.4-76.8). Both 1-and 3-year OS was 80.0% (66%) ( Figure 3A ). There was no significant difference in OS between the standard-dose and the lowdose busulfan cohort ( Figure 3B ). Disease-free survival at 1 and 3 years was 77.8% (6 6.2%), with no late events.
Survival was superior in younger patients (OS 92.3% in ,10 years vs 63.2% $10 years; P 5 .02) ( Figure 4A ). Patients transplanted for marrow failure fared better than those transplanted for MDS, although this difference was not statistically significant, likely Patients who had received androgens before HCT (n 5 18) had an 88.9% survival rate at 1 year compared with those without androgen exposure (n 5 27) at 66.7% (P 5 .078; 1-year confidence interval [-0.02 -0.47]). Prior red blood cell and platelet transfusions did not affect outcome (P 5 .47 and .10, respectively).
Causes of death
Thirty-five of 45 patients are alive and well. Causes of death included progressive disease: MDS (n 5 1), relapsed MDS (n 5 1), infections (n 5 5), multiorgan failure (n 5 2), and severe pulmonary hypertension (n 5 1). Infections causing death included community-acquired Clostridium botulinum (n 5 1), fungal infection (n 5 1), viral 1 fungal infection (n 5 2), and viral infection (n 5 1). Viral infections responsible for death (with or without additional fungal infection) included adenoviral infection (n 5 2) and human herpesvirus 6 (HHV-6) (n 5 1). Two deaths in the adult cohort (N 5 5) were not primarily related to HCT. One patient died of a sudden cardiac arrest of unknown etiology in the operating room after a cystoscopy (performed for hemorrhagic cystitis) and 1 patient died of botulism. Two additional adult deaths were from progressive MDS and fungal infection. One adult patient is alive and well.
Subsequent malignancies
One patient, transplanted at the age of 32 years, developed a gingival squamous cell carcinoma 3 years posttransplant. This patient did not develop GVHD during HCT or have any additional comorbidities before transplant. No other patient has developed malignancy at a second site, but follow-up remains short.
Discussion
This is the first prospective multi-institutional US study showing that radiation can be safely omitted from the preparative regimen of patients with FA undergoing alternative-donor transplantation. Our results show excellent overall and disease-free survival (comparable with previous radiation containing regimens) with a chemotherapy-only preparative regimen. Outcomes for the younger patients without MDS are comparable with outcomes of matched-sibling donor HCT for FA. 16, 18, 19, 22 Increasingly better survival after HCT for FA increases the importance of minimizing late consequences of transplant caused by the risk of subsequent malignancies. Radiation exposure and GVHD are the 2 main HCT-related factors that increase the risk of subsequent malignancies. Ionizing radiation is a known carcinogen, inducing double-strand breaks in DNA and other cell damage, which in aggregate can lead to chromosomal translocations and genomic instability. In childhood cancer studies, there are multiple reports on effect of radiation and/or chemotherapy on risk of subsequent secondary malignant solid tumors. [34] [35] [36] [37] Irradiation containing conditioning regimens have been identified as a risk factor for posttransplant malignancy in patients with severe aplastic anemia and FA 20, 38 ; and similar efforts of removing radiation from the conditioning regimen have been successful in patients with severe 39 aplastic anemia. A study by Rosenberg et al showed a trend toward increasing malignancy in patients with FA receiving a TBI-based regimen. 40 In addition, evidence suggests that chronic GVHD induces a chronic inflammatory state, leading to microsatellite instability and frequent genomic alterations in epithelial tissues, predisposing to development of cancers. 41, 42 Several reports have shown increased risk of subsequent malignancy associated with chronic GVHD in FA.
14,21,43 T-cell depletion of the donor graft is clearly effective in largely eliminating severe acute and chronic GVHD, as seen in this study and in other reports. 13, 15 In our study, one patient, transplanted at the age of 32 years, developed a gingival squamous cell carcinoma 3 years posttransplant. Older age of 32 years at the time of transplant and shorter time (3 years) from transplant to development of squamous cell carcinoma bring up an important question of attribution: whether the development of squamous cell carcinoma is caused by increased susceptibility related to baseline diagnosis of FA or a secondary malignancy caused by transplant. No other patient has developed malignancy at a second site. However, the follow-up period for our cohort is not sufficient to fully evaluate rates of subsequent malignancy, but we are hopeful that avoidance of major carcinogenic exposure will reduce risk.
A key goal of our study was to minimize early as well as late toxicities of transplant. The first 25 patients enrolled in this study tolerated transplant well, so by study design, the dose was reduced for the next 20 patients. Engraftment was not compromised by this dose reduction, and toxicity, in particular, less mucositis, and hyperbilirubinemia were significantly reduced. Viral infections are expected complications with use of ATG and T-depleted graft. Approximately 40% of our patients had $1 viremia, which are comparable with previous experience with T-depleted grafts. 13, 15 Standard supportive care, including routine monitoring for viral reactivation and preemptive treatment with antiviral agents and/or viral-specific cytotoxic T cells will help reduce this complication in the future. A key determinant of successful control of viral reactivation is early immune reconstitution. In our patients, immune reconstitution was adequate and timely, perhaps helped by the small size of many of the patients who allowed administration of large stem cell doses. We understand that observation regarding the role of higher CD34 cell dose in faster recovery may need to be confirmed in a larger dataset. In addition, early results from use of interleukin-7, 44 T-cell receptor a/b, T-cell depletion, and peritransplant leuprolide 45 to improve immune reconstitution look promising and may be explored further in future studies.
Reports from Brazil and Germany of smaller cohorts also demonstrated that good outcomes can be achieved in FA without exposure to radiation.
46,47 Our study used a higher dose of busulfan compared with the German study, but used pharmacokinetic monitoring and intravenous administration, perhaps explaining the lower rate of mucositis reported here. Over the years, transplant cytoreductive regimens for patients with FA have used TBI (or thoraco-abdominal irradiation), procarbazine, cyclophosphamide, and fludarabine. Successful T-cell-depleted protocols have in general used TBI, fludarabine, and cyclophosphamide. During the study design, busulfan, thiotepa, and melphalan were among the potential candidate agents considered to replace TBI. No data were available on use of thiotepa and melphalan in patients with FA. In contrast, there were a couple of small reports available on the use of busulfan for patients with FA.
48,49 An additional reason for choosing Busulfan was based on our ability to perform and understand PK studies in this high-risk population, and administer PK-directed dosing of busulfan, therefore avoiding excessive toxicity without increase in graft rejection. Cut offs for busulfan PK were based on a limited prior experience at MSKCC with this regimen. A majority of patients enrolled in this study were children, and for them outcomes were excellent. It is clear, however, that outcomes in the 5 adult patients enrolled were unsatisfactory, with only 1 of 5 surviving. It should be noted that 1 adult died of botulism, and one during a procedure-both deaths perhaps unrelated to transplant. Older children and adult patients (10-18 and .18 years) in this cohort were transplanted more for MDS than marrow failure (as expected), which is a known negative prognostic factor, along with having increased comorbidities that negatively affect transplant outcomes. Our next study focuses on improving outcomes in this challenging group.
In summary, our data indicate that HCT for FA can be performed without radiation and with T-cell-depleted peripheral blood grafts, with acceptable toxicity including mild or no GVHD. Longer follow-up is needed to determine whether these strategies reduce risk of subsequent malignancy. 
